Mutations in the p53 tumor suppressor gene are frequently associated with the metastatic stage of tumor progression. Inactivation of p53 was shown to promote metastasis under experimental conditions. To determine the p53 functions that are involved in the control of tumor metastasis, we compared properties of three types of transformed mouse ®broblasts: with intact p53, with p53-mediated apoptosis suppressed by bcl-2 and with p53 inactivated by dominant negative mutants. Although expression of bcl-2 blocked apoptosis in detached cells and increased tumor cell survival in the blood circulation, it was insucient to aect the ability of p53 to cause cell cycle arrest in detached cells and suppress experimental metastasis. For the suppression of metastasis complete inactivation of p53 was required. We conclude that the apoptotic function of p53 is dispensable for the p53-dependent suppression of experimental metastasis that is presumably achieved by controlling anchorage dependence. These data provide a possible explanation to dramatic dierences in values of bcl-2 and mutant p53 as prognostic markers in human cancer.
Introduction
To form metastases, tumor cells should pass through several stressful and highly selective steps including invasion, microcirculation, arrest in the capillary bed and resumption of proliferation in distant organs (Fidler, 1997) . Inactivation of mechanisms inhibiting cell growth in response to stress is important to promote metastasis formation. The p53 tumor suppressor protein is a major mediator of cell reaction to dierent types of stress (Ko and Prives, 1996; Gottlieb and Oren, 1996) . Accumulation of p53 protein is triggered by a variety of stimuli and may result in growth arrest or apoptosis. Inactivation of p53 is observed in the majority of advanced tumors and frequently accompanies acquisition of drug and radiation resistance presumably by inactivation of p53-dependent apoptosis (Aas et al., 1996; Kastrinakis et al., 1995; Lowe, 1995; Marchetti et al., 1993) . In addition, p53 inactivation was shown to promote metastasis in several experimental systems (Thompson et al., 1995; Nikiforov et al., 1996) . It would be reasonable to hypothesize that the metastasis suppressor function of p53 is also associated with its ability to induce apoptosis. This idea is supported by numerous experimental and clinical observations, demonstrating alterations of genes involved in control of apoptosis (namely, p53 and bcl-2) in the advanced stages of tumor progression (Sierra et al., 1995; Bertorelle et al., 1995 , Uhlman et al., 1994 , Hague et al., 1994 . In our recent study, we demonstrated that p53-dependent programmed cell death is a factor of rapid elimination of tumor cells in circulation. This process is presumably initiated by the loss of contact with natural substrate, thus supporting the idea that p53-mediated apoptosis is one of the events involved in the formation of metastases (Nikiforov et al., 1996) . However, p53 activity is not limited to stress-induced apoptosis. It was, therefore, important to separately analyse the involvement of distinct p53 functions in control of tumor metastasis. In the present work, we compared several variants of transformed mouse ®broblasts diering in p53 activity. We demonstrate that suppression of p53-dependent apoptosis by bcl-2 was sucient to increase tumor cell survival in circulation but did not promote experimental metastasis, which requires the complete suppression of p53. In vitro analysis showed that bcl-2-expressing cells retained p53-dependent control of the cell cycle arrest in non-adherent cells. We conclude that p53 can serve as a metastasis suppressor gene in the absence of its apoptotic function, presumably by control of anchorage dependence.
Results

Suppression of apoptosis facilitates cell survival in circulation
To analyse the role of p53 in tumor metastasis we generated a series of cell strains diering in the expression of distinct p53 functions. Cell lines used in this study were derived from mouse embryonic ®broblasts transformed with E1a+ras oncogenes that retain wild type p53, line C8 (Lowe et al., 1994) and obtained as follows. C8 cells were transduced with a retroviral vector expressing mouse cDNA for bcl-2 (C8/bcl-2 cells). Another C8-derived strain was generated by transduction of retroviral vector expressing a p53 genetic suppressor element (GSE) which was selected for its ability to induce anchorage independent growth in C8 cells (see Materials and methods). This element (GSE C2) encodes the last 69 amino acids of the rat p53 protein and is capable of inducing all of the phenotypes associated with p53 suppression: immortalization of primary rodent ®broblasts, resistance to DNA damage, cooperation with ras oncogene, etc. . GSE-C2 was used in the present work along with a tumor-derived dominant negative mutant of p53, p53 175His . Comparison of C8 cells in which p53 is suppressed by either GSE (C8/ GSEC2) or p53 175His (C8/p53 175His ) allowed us to rule out possible`gain of function' eects of the p53 mutant (Hsiao et al., 1994) . C8 cells expressing either bcl-2 or any of the p53 suppressing constructs were equally resistant to apoptosis induced by DNA damaging drugs or incubation in suspension (Figure 1 ). Finally, we generated cells transduced with the combination of bcl-2 and GSE C2 (C8/bcl-2/GSEC2). These cells were used as a control for the determination of possible eects of bcl-2 overexpression not associated with its activity as an inhibitor of p53-mediated apoptosis.
We compared survival in circulation and formation of experimental metastasis for these generated cell strains diering in p53 activity. The comparison was done using direct competition assays in which mixtures of cell strains were injected into the tail vein of athymic nude mice and the ratios between dierent cell strains in the original mixture and in the cell populations recovered from lungs were compared using PCR (Figure 2) . Two of the injected mice from each group were sacri®ced 15 min after injection, and four ± in 2 h, when, as we showed previously, massive death of the inoculated cells occurred (Nikiforov et al., 1996) . Lungs were isolated, dissected and plated into growing media. The C8-derived populations survived in lungs were separated from lung ®broblasts by selection in G418. DNA from cell pools recovered at dierent times after injection was analysed by quantitative PCR using primers speci®c for each retroviral construct. This approach allowed us to monitor the changes in the ratio between two cell types at dierent time points.
The following cell mixtures were compared in the above assay: C8/vector+C8/bcl-2 (three to one ratio), C8/bcl-2+C8/GSEC2 and C8/bcl-2+C8/bcl-2GSEC2 (one to one ratio). Incubation for 15 min in lungs did not signi®cantly change any of the initial ratios ( Figure  3 and Table 1 ), indicating that neither of cell types mixed had a survival advantage during this period of time. A signi®cant enrichment of C8/bcl-2 cells over control C8/vector cells was found in the population recovered after 2 h of incubation in lungs (Figure 3a) . At the same time, analysis of DNA isolated from total lungs 2 h after injection did not reveal any change in the original ratio of injected cells ( Figure 3a , lane d). Thus, the observed depletion of C8/vector cells was due to the loss of viability rather than by their escape from lungs.
Direct comparison of C8/bcl-2 versus C8/C2 cells 2 h after injection did not reveal any changes in their ratio, indicating that both cell types have equal sensitivity to the conditions of circulation ( Figure 3b ). Combination of bcl-2 and GSE C2 did not alter cell survival as judged by their comparison with C8/bcl-2 cells ( Figure  3C ). Thus, inhibition of apoptosis by either bcl-2 overexpression or p53 suppression similarly increases cell survival during short-term incubation in the lungs.
Complete inhibition of p53 is required for experimental metastasis
The rest of the injected animals were analysed after 4 ± 8 weeks, at which time experimental metastases were formed. DNA was isolated from individual lung colonies and the origin of each colony was determined by PCR ( Figure 3D , Table 2 ). Approximately 100 metastatic nodules were detected in the lungs of mice, which had been injected with C8/bcl-2+C8/C2, or C8/ bcl-2+C8/bcl-2/C2 mixtures. As shown in Table 2 the overwhelming majority of these colonies originated from the cells with suppressed p53 (C8/C2 and C8/bcl-2/C2). Only three metastatic nodules were detected in mice injected with the mixture of C8/vector+C8/bcl-2. All three originated from C8/bcl-2 cells. Our observations suggest that although abrogation of apoptosis facilitates survival in the lungs, it fails to signi®cantly aect the frequency of experimental metastases. Suppression of the other p53 functions is required for ecient experimental metastasis of C8 cells.
Suppression of apoptosis is sucient for the survival of detached cells in vitro but inhibition of p53-mediated growth arrest is required for anchorage independent growth
In order to understand why bcl-2-expressing cells do not eciently metastasize in spite of their increased survival rate in the lungs of the injected animals, we analysed cells that lost contact with a solid substrate. These experimental conditions imitate a situation in which tumor cells are being exposed in the microvasculature. C8 cells die from p53-mediated apoptosis in suspension and suppression of this death by p53 inactivation correlates with increased cell survival in microcirculation (Nikiforov et al., 1996) .
Each of the C8-derived populations was plated into methylcellulose and colony growth was analysed 4 ± 6 days after plating. As shown in Figure 4 , despite a high survival rate during short-term incubation in suspension, colony formation by cells expressing bcl-2 was strongly inhibited as compared to the cells with suppressed p53 (C8/C2, C8/p53 His ). Suppression of colony growth in bcl-2-expressing cells was p53-dependent since their transduction with anti-p53 GSE-C2 and the dominant negative mutant p53 175His led to anchorage independent growth. Therefore, # corresponds to the animal number. ND ± not determined p53, bcl-2 and metastasis MA Nikiforov et al delayed colony growth of bcl-2-expressing cells was due to the activity of p53.
To determine the mechanism of the suppressed growth of C8/bcl-2 cells in suspension, we studied the cell cycle distribution of each population growing in methylcellulose. All cells with suppressed p53 (regardless of what genetic construct was used for p53 suppression) did not exhibit signi®cantly altered cell cycle parameters in suspension. On contrary, C8/bcl-2 cells gradually underwent prominent G 2 /M arrest ( Figure 5 ). This arrest was reversible since the cells isolated from methylcellulose and plated onto a plastic substrate resumed a normal growth rate (data not shown). We concluded that even though abrogation of apoptosis promotes the survival of C8 cells detached from the substrate (Nikiforov et al., 1996) , inhibition of p53-mediated G 2 /M arrest is required for ecient anchorage independent growth.
Discussion
Mutations in p53 often accompany the progression of solid tumors towards metastasis (Kastrinakis et al., 1995; Marchetti et al., 1993; Andersen et al., 1993; Ulbright et al., 1994) . Since p53 was shown to be responsible for apoptosis induced by anticancer treatment, its inactivation in metastatic tumors may partially account for their resistance to therapy (Fugmann et al., 1977; Tsuruo and Fidler, 1981) . At the same time, p53 inactivation was shown to promote metastasis under experimental conditions (Thompson et al., 1995; Nikiforov et al., 1996) suggesting a metastasis suppressor activity for p53. In this study we attempted to de®ne p53 functions that are essential for its role as metastasis suppressor gene.
Inactivation of p53 during tumor progression is probably driven by the selective advantages tumor cells acquire as a result of suppression of p53-mediated apoptosis. Apoptosis is a strong selective factor for tumor cells since it determines cell sensitivity to hypoxia (Graeber et al., 1996) , immunocyte attack (Pross and Lotzova, 1993; Berke, 1994) , factors released by endothelial cells (Dong et al., 1994) , chemo-and radiation therapy (Lowe et al., 1994) and by deprivation from contacts with the natural microenvironment (Nikiforov et al., 1996) . We analysed whether a metastasis suppressor function of p53 is equivalent to the execution of apoptosis.
To address this question, we used the bcl-2 gene as a tool for suppression of apoptosis induced by p53 in transformed mouse cells (C8 cells). Overexpression of bcl-2 in many types of cells, including C8 cells, inhibits p53-dependent apoptosis and leads to the establishment of drug-and radiation resistance similar to those caused by p53 inactivation. Transduction with bcl-2 rescued C8 cells from apoptosis induced by loss of contact with the substrate and increased their survival in microcirculation. Importantly, bcl-2 did not aect other functions of p53, including its ability to control anchorage dependence and genomic stability. Direct comparison of the eects caused by bcl-2 or by mutant p53 in experimental metastasis assay indicated that p53 still eciently inhibits metastasis even when its apoptotic activity is suppressed.
What are the mechanisms of p53-mediated suppression of metastasis? One of the major functions of p53 that is not aected by bcl-2 is growth arrest. Since nonadherent C8 cells transduced with bcl-2 underwent p53-mediated cell cycle arrest, it is likely that a similar arrest occurring in tumor emboli in lung microvasculature may prevent them from forming metastatic nodules.
Several reports demonstrated the ability of wild type but not mutant p53 to inhibit angiogenesis in solid tumors (Dameron et al., 1994; Kieser et al., 1994) . This factor, however, does not seem to play a major role in our experimental systems since inhibition of p53 changed neither the tumorigenicity of C8 (Nikiforov et al., 1996) nor the level of vascularization of subcutaneously growing tumors (data not shown).
bcl-2 expression in breast and ovarian tumors was shown to be a p53-independent positive prognostic factor associated with the better long-term survival (Gasparini et al., 1995; Herod et al., 1996) . Our results provide possible explanation for these observations, showing that in the absence of apoptosis p53 can still control tumor progression by its remaining functions.
Materials and methods
Animals and metastasis assays
Athymic nude mice (Hsd: Athymic Nude-nu/nu) were purchased from Harlan, Inc. The experimental metastasis bcl-2+ GSE C2 Figure 4 Growth in methylcellulose of dierent C8-derived cell populations. Single cellular suspension was plated into methylcellulose and photographed at the 4th day of incubation Figure 5 Cell cycle distribution of C8/bcl-2 and C8/C2 cells at dierent times of growth in methylcellulose p53, bcl-2 and metastasis MA Nikiforov et al assay was performed as described (Nikiforov et al., 1996) . All manipulations with the animals that may have caused pain or distress were done under anesthesia.
Cells
Mouse embryonic ®broblasts transformed with combination of 5E1A and T24 Ha-ras genes (line C8), and C8 cells infected with retroviral vector expressing mouse bcl-2 cDNA were described previously (Lowe et al., 1994; Nikiforov et al., 1996) . Ecotropic packaging cells, BOSC23 (Pear et al., 1993) 
Retroviral infection
C8 cells were infected with amphotropic and ecotropic retroviruses, obtained in the course of a`ping-pong' procedure (Gudkov et al., 1994) .
Cell growth in methylcellulose
Methylcellulose solution was prepared according to the previously described protocol (Noonan et al., 1977) . Cells were plated into this solution at the concentration of 5610 3 cells per ml and 4 ml of this suspension was applied onto a 60 mm plate covered with 0.6% agarose gel in the growth media. The colonies growing in methylcellulose were counted 4 days after plating.
Assays for drug sensitivity and cell survival in suspension were done as previously described (Nikiforov et al., 1996) .
Isolation of p53 GSE
To obtain an inhibitor of p53 we used the GSE approach (Gudkov et al., 1994) . C8 cells infected with a rat p53 GSE expressing library 11 were grown in methylcellulose for 7 days. GSEs were recovered from the survived colonies by PCR, recloned in the same retroviral vector and individually tested. All the GSEs promoting anchorage independent growth represented the C-terminal part of p53 and comprised its oligomerization domain. GSE-C2 spanning from 323 ± 391 amino acids of p53 was used in our experiments.
FACS analysis
10 6 cells were harvested at various time periods of incubation in methylcellulose, washed with phosphate buer saline (PBS) and stained with propidium iodide as previously described (Vindelov et al., 1983) . Fluorescence intensities were determined by quantitative¯ow cytometry and pro®les were generated on an EPICS 753 analyzer.
PCR analysis
Quantitative PCR analysis was carried out essentially as described earlier (Gudkov, 1994; Nikiforov et al., 1996 . Sense (5'-GCGGCCCCAAGCTTGTTAATTCGAT-3') and antisense (5'-GGCGTTACTTAA-GCTAGCTTGC-3') primers, corresponding to pLNCX vector sequences and sense (5'-ACGAATTCACATGG-ATGGATGG-3') and antisense (5'-GCAGGATCCTAACTAACTA-3') primers corresponding to pLXSN vector sequences were used.
